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Abstract: Corrosion resistance of Zr that has been added to an Al alloy (U1070) is higher than that of
a commercial Al alloy (A1070). A decreasing number and size of Al3Fe intermetallic particles (IMPs)
were observed by electron microprobe analysis and transmission electron microscopy. Based on the
numerical corrosion simulation, it was confirmed that decreasing the number and size of IMPs was
favorable for improving the corrosion resistance of the Al alloy due to the reduction of the galvanic
effect. In addition, Al3Zr was found to be insignificant in promoting galvanic corrosion within the Al
matrix. Thus, Zr is an advantageous alloying element for improving the corrosion resistance of the
Al alloy.
Keywords: aluminum alloy; corrosion; transmission electron microscopy; zirconium; intermetallic
compound
1. Introduction
Applications of aluminum (Al) alloys have expanded across numerous industries due to their
desirable properties, including their light weight, high heat conduction, and favorable electrical and
mechanical characteristics [1]. One typical applications for an Al alloy is as a heat exchanger in an
air conditioner [2–5]; notably, Al is a commonly used material for heat exchange because of its high
formability, good specific strength, low density, and high thermal conductivity [6,7]. In addition, it is
a more economical material than copper, which is the original material that is used in heat exchanger
applications. Despite the advantages of Al as a material for use in heat exchange, corrosion remains
an issue. Generally, the corrosion of an Al heat exchanger is examined in a specific high-concentration
salt solution such as acidified synthetic sea water, which is normally applied in the corrosion test of
the automotive industry, because the operating environment of an Al heat exchanger is similar to that
of a car. Thus, the improvement of Al corrosion resistance in this highly concentrated salt water is
necessary for acceptance of the corrosion durability test and for increasing corrosion reliability.
The Al alloy is composed of multi-element, which influences the corrosion resistance of the Al alloy.
The concept of microgalvanic corrosion between the Al matrix and the intermetallic particles (IMPs) is
the most common corrosion mechanism for the Al alloy [8–14]. Formed IMPs in the Al alloy generally
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act as a cathodic site, because the alloying elements are more noble than Al, resulting in a galvanic
reactions between IMPs and the Al matrix is occurring. Efforts to understand the microgalvanic
reaction between IMPs and the Al matrix have been conducted by experimental and computational
methods [15–17]. Although many scientific and engineering outputs have been suggested, further
research is necessary on their elemental effects and geometric factors.
Thus, in order to improve the corrosion resistance of the Al alloy, the control and modification
of IMPs in the Al alloy are important concepts for consideration. In the 1xxx series of Al alloy,
the precipitated IMPs are almost related to the impurity elements. Especially, iron (Fe) is the
most harmful impurity in Al, and is always present in alloys made from commercially pure base
materials [18,19]. Since the maximum equilibrium solubility of iron in solid Al is very low (at 0.05 wt %),
most of the Fe forms Fe-rich intermetallic compounds, which appear as needles or plates in the
microstructure [20–22]. In the case of an Al alloy, the difference in corrosion potential between the
Al–Fe IMP and the Al matrix is very high, creating a large driving force for microgalvanic corrosion.
Although Fe removal methods have been employed, such as the precipitation and separation of
Fe-rich phases from the liquid Al melt [23–25] and the addition of other elements (e.g., manganese,
chromium) [26–29], the additives have a negative effect on the corrosion resistance of the Al alloy [30]
and the application of this method has economical limitations.
In previous studies, the effect of zirconium (Zr) on the grain refinement in Al has been
investigated [31,32], with the results indicating that grain refinement is attributed to the peritectic
reaction induced by the properitectic Al3Zr phase. Although the grain refinement effect has been
researched by various institutes and universities, the influence of the refinement after adding Zr to
the corrosion resistance of Al has not yet been considered. Also, the effect of Zr on the distribution
of the Al–Fe IMPs, which are the major cause of microgalvanic corrosion in the Al alloy, requires
further research. Meanwhile, the corrosion potential of Al3Zr IMPs is very close to that of pure Al
in high salt electrolyte conditions [32], indicating that the driving force for microgalvanic corrosion
between Al3Zr and the Al matrix is very low. Based on both concepts (i.e., refinement and the
small difference of corrosion potential), the influence of Zr on the corrosion resistance of the 1xxx
Al alloy was investigated in the present study. For the analysis of corrosion in the tested 1xxx Al
alloys, electrochemical tests [e.g., potentiodynamic polarization tests and electrochemical impedance
spectroscopy (EIS)] and numerical simulations in various IMP distribution situations were conducted.
In addition, the identification of Al–Fe and Al–Zr IMPs was verified by scanning electron microscopy
(SEM), electron probe microanalysis (EPMA), and transmission electron microscopy (TEM).
2. Experimental Methods
2.1. Specimens and Solution Preparation
To evaluate the effects of Zr on IMPs in the Al matrix, two tubes consisting of Al alloys (A1070
and U1070) were prepared by casting and mechanical extrusion processes. Although Zr was added
in U1070 to investigate the Zr effect, it had the same concentration of Fe, Si, and Cu as the A1070
commercial Al tube. In the casting process, pure Al ingot (99.9%) and three mother alloys (Al-20 wt %
Fe alloy, Al-40 wt % silicon alloy, and Al-5 wt % Zr alloy) were charged into a graphite crucible at
710 ◦C. After all of the components were melted, the degassing process was carried out by nitrogen
gas purging. Then, mechanical agitation was performed to uniformly mix all of the alloying elements.
Molten metals were injected into the 20-cm diameter of a cylindrical mold and air-cooled. Subsequently,
the mold was subjected to a homogenization treatment at 490 ◦C for 10 h. The chemical composition
of both Al alloys was analyzed using ICP-MS with Agilent 7500 (Agilent Technologies, Santa Clara,
CA, USA), as shown in Table 1. In addition, the specimens for the tests were generally achieved at the
center of the cylindrical mold to avoid any surface defects and microstructure differences.
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Table 1. Chemical compositions of A1070 and U1070 aluminum alloys (wt %).
Materials Fe Cu Si Zr Al
A1070 0.1104 0.0046 0.1519 - Rem.
U1070 0.1087 0.0037 0.1498 0.1991 Rem.
2.2. Electrochemical Tests
To evaluate the corrosion resistance of two Al alloys (i.e., A1070 and U1070), a potentiodynamic
polarization test and EIS were conducted by use of multi-potentiostat/galvanostat instrument VSP-300s
(Bio-Logic Science Instruments, Seyssinet-Pariset, France). A three-electrode cell was constructed with
the Al alloys as the working electrode (WE), two pure graphite rods as the counter electrode (CE),
and a saturated calomel electrode (SCE) as the reference electrode (RE). Prior to the electrochemical
tests, the Al specimens were abraded with SiC paper with grit sizes from 220 to 600. The prepared tubes
were then covered with silicone rubber, leaving an area of 0.09 cm2 unmasked. The prepared specimens
were exposed to a salt water–acetic acid solution at 47 ◦C under the aerated condition, which is based on
ASTM G85 [33]. Table 2 gives the chemical composition of the test solution. The specimens were rinsed
ultrasonically with ethanol, and finally dried with nitrogen gas. Before all of the electrochemical tests,
the specimens were immersed in a test solution for one hour to attain a stable state. Potentiodynamic
polarization measurement was performed at a potential sweep of 1 mV/s from an initial potential of
−250 mV versus an open circuit potential (OCP) to the final potential of 300 mVSCE. After polarization
tests, the cross-section of both specimens was observed using an optical microscope. EIS tests were
performed at an OCP in the test solution to investigate the surface properties. The frequency range
of the EIS tests was from 100 kHz to 10 mHz, with an alternating current amplitude of ±10 mV.
The impedance plots were interpreted on the basis of an equivalent circuit using a suitable fitting
procedure by use of the ZsimpWin software (Princeton Applied Research, Oak Ridge, TN, USA).
Each test was carried out in three replicates to ensure its reproducibility.
Table 2. Chemical composition of the salt water–acetic acid solution.
pH Acetic Acid NaCl
2.9 20 mg/L 4.2 wt %
2.3. Analysis of IMPs
The distribution and composition of IMPs are important factors that are related to the corrosion
resistance of the Al alloy. Thus, in order to analyze the IMPs in both Al alloys, various surface analyses
were performed in this study. First, the distribution of the IMPs in the Al alloy (especially Al–Fe IMPs)
was observed via field emission EPMA (FE-EPMA) in a JXA-5830F (JEOL, Tokyo, Japan). In addition,
energy dispersion spectroscopy (EDS), and high-resolution TEM (HR-TEM) in JEM-ARM300F (JEOL,
Tokyo, Japan) were performed for the detailed observation of the size, shape, and composition of
the IMPs. Prior to FE-EPMA analysis, the specimen surfaces were polished with a 0.03-µm alumina
(Al2O3) solution. Prior to HR-TEM analysis, the specimen was sliced via the machining and ion milling
processes to yield thin specimens (10 µm) without thermal influence.
2.4. Modeling and Boundary Conditions
To evaluate the influence of IMPs in the Al matrix on the corrosion resistance of the Al
alloy, numerical simulations were conducted on various IMP distribution conditions. Although the
propagation of corrosion due to microgalvanic action between IMPs and the Al matrix is an important
aspect in the corrosion resistance, the corrosion behavior at the transient surface state is focused in this
study for the detailed analysis and verification of the electrochemical result, which only reflected the
temporary corrosion resistance. Thus, the boundary element method (BEM) was used in this study.
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The schematic boundary condition for the corrosion simulation in this study is shown in Figure 1;
the boundary condition has electrolyte domains (Ω), and is surrounded by the surface of the electrolyte
Γn, the surface of the Al matrix Γa, and the surfaces of the IMPs Γb and Γc. The electrolyte of
conductivity (σ) is uniform over the whole domain, and there is no current loss. The potential field in
the electrolyte domain can be modeled by use of the Laplace equation, as follows [34]:
∇2Φ = 0 (1)
Here, Φ is the electrical potential, which is the potential relative to a reference electrode.
The Laplace equation is solved using the following boundary conditions:
i = i0, on Γn (2)
ia = f a(Φa), on Γa (3)
ib = f b(Φb), on Γb (4)
ic = f c(Φc), on Γc (5)
Here, Γ is the entire surface of the electrolyte domain, which includes Γn (electrolyte surface),
Γa (Al matrix), Γb (IMP1), and Γc (IMP2). Additionally, f a(Φa), f b(Φb), and f c(Φc) are nonlinear
functions on each surface that represent the polarization behavior of each part. Based on this,
the potential and current over the whole surface can be calculated.
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Figure 1. Boundary conditions for corrosion si ulation of intermetallic particles (IMPs) in an
aluminum matrix.
IMP distribution models for corrosion simulation were created using the Rhinoceros 3D drawing
software (McNeel, Seattle, WA, USA). Three cases were considered for the detailed interpretation of
corrosion between the IMPs a d the Al matrix. Figure 2 shows the odeling cases for the corrosion
simulation in this study. To simplify he corrosion simulation, the model for IMPs was fixed to the
circle, and the location of particles was set such that they are randomly distributed in the rectangular
grid of the Al matrix. The size of the Al matrix was set to 2 mm × 2 mm. The polarization parameters
of IMPs were based on the results of previous research [35], and are listed in Table 3. The only applied
IMPs were Al3Fe and Al3Zr, because Al3Fe is a significant IMP for microgalvanic corrosion in 1xxx
Al alloys, and the Zr effect is the main focus of this stu y. Ge erally, the a odic Tafel slop of Al in
salt water is very low due to the fast anodic reaction, while the cathodic Tafel slope in an aerated
environment is high due to the diffusion-limited current caused by oxygen diffusion. Thus, the Tafel
slopes that were used for the corrosion simulation consider both the anodic and cathodic properties of
Al. Detailed conditions for the corrosion simulation model are listed in Table 4.
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Table 3. Polarization parameters of IMPs and the Al matrix used for corrosion simulation.
Boundary Corrosion Potential (mVSCE) Corrosion Current Density (A/cm2) Tafel Slope (V/Decade)
Al matrix −823 3.9 × 10−6 0.1
Al3Fe −539 2.1 × 10−6 −0.7
Al3Zr −776 2.5 × 10−6 −0.7
Table 4. Conditions of each IMP’s dist ibuted model.
Simulation Case Model Diameter of IMP (mm) Area of IMPs (mm2) Type of IMPs
1 Coarse IMPs(large area) 0.12 0.0678 Al3Fe
2 Fine IMPs
(large area)
0.02 0.0678 Al3Fe
3 0.02 0.0678 Al3Zr
4 Fine IMPs(small area) 0.02 0.0339 Al3Fe
3. Results and Discussion
3.1. Corrosion Behavior
Figure 3 shows the polarization curves and schematic Tafel slopes of A1070 and U1070 in a salt
water acetic acid solution at 47 ◦C. Pa ameters derived fr m the polarization curve are listed in Table 5.
Values from the anodic and cathodic Tafel slopes were s milar in bo h specimens, indicating that the
types of cathodic and anodic reactions were not changed. However, the corrosion potential (Ecorr)
and corrosion current density (icorr) of U1070 were both lower than those of A1070. As shown in the
schematic Tafel slopes in Figure 3b, the shift of the cathodic Tafel slope to the direction of low current
resulted in a decrease in Ecorr and icorr for U1070. This finding implies that the cathodic reaction
intensity was reduced in t e case of U1070. The cross-s ctional m rphologies of both specimens
were observed after the polarization tests (Figur 4). As shown in Figure 4, th corrosion rate and
the penetration depth were much higher in the case of A1070 than that of U1070. Also, the average
corrosion penetration depth was about five times higher for A1070 (109.74 ± 34.19 µm) than U1070
(25.44 ± 12.43 µm), as shown in Figure 5. This means that the actual corrosion behavior was changed
due to t e Zr alloying. Generally, the cathodic reaction of n Al alloy is primarily related to IMPs,
which commonly have a higher pot ntial than that of the Al matrix. Based on the galvanic corrosion
mechanism [36], the number of IMPs and the significant difference in the corrosion potential between
the IMPs and the Al matrix affect the total corrosion reaction, particularly the cathodic reaction, as IMPs
normally act as a cathode. Consequently, the total electrochemical reaction increased due to the high
galvanic corrosion condition, which is related to the increase of the number and the size of IMPs.
Thus, the corrosion reaction decrease in U1070 could be related to the decrease in the number of IMPs
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and a difference in the corrosion potential in comparison with the Al matrix. The change of IMPs in
both specimens is discussed in the next section, Section 3.2.
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Table 5. Parameters xtracted from the l rization curves of A1070 and U1070.
Specimen βa (V/Decade) βc (V/Decade) icorr (µA/cm2) Ecorr (VSCE)
A1070 0.072 ± 0.005 0.123 ± 0.01 98.6 ± 2.5 −0.845 ± 0.05
U1070 0.089 ± 0.003 0.137 ± 0.01 31.5 ± 1.9 −0.911 ± 0.09
In Nyquist plots of A1070 and U1070 (Figure 6), the diameter of U1070 was larger than that of
A1070, indicating that the addition of Zr increased the corrosion resistance. Depressed semicircles were
shown, and capacitive loops, which can be related to the charge transfer reaction and the electrical
double layer on the metal surface, were observed [37]. Also, an inductive loop in a low freq ency range
was obse v d, which is associated w th the we kening o the protective effective e s of the Al oxide
layer due to the anodic dissolution of alloy in a salty environment [38]. Figure 7 presents the electrical
equivalent circuit that was used for fitting the EIS spectra wherein Rs represents the solution resistance,
Rct represents the charge transfer resistance, and CPE represents the constant phase element. In high
concentrations of a chloride and acid solution, the Al oxide film does not have passivity, meaning
that the effect of the oxide film on co rosion resistance would be negl cted. Thus, the simple R(RC)
equivalent circuit was used in this study. The CPE exponent measures the deviation from the idea
capacitive behavior [39–41]. Table 6 lists the parameters extracted from the EIS data of A1070 and
U1070. The double layer capacitance (Cdl) was calculated by use of the following Equation (6) [42]:
Cdl = Y0(2pi fmax)
n−1, (6)
where fmax is the frequency at which the imaginary component of the impedance reaches the maximum
value. The Rct of U1070 is higher than that of A1070, indicating that the corrosion resistance of U1070
is higher. These results correlate well with the results of the polarization curve.
Table 6. Parameters extracted from electrochemical impedance spectroscopy (EIS) data of A1070
and U1070.
Specimen Rs (Ω× cm2) Rct (Ω× cm2) n Cdl (µF/cm2)
A1070 4.77 ± 0.5 357 ± 11 0.98 ± 0.02 81.5 ± 5
U1070 1.98 ± 0.3 683 ± 35 0.95 ± 0.03 116.4 ± 9
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similar in both Al alloys, because the same amount of Fe was added in the casting process. Thus, it 
implies that finer IMPs would be formed in the U1070; so a more nanoscale analysis was conducted. 
Figure 6. Nyquist plot of A1070 and U 1070 in a salt water–acetic acid solution at 47 ◦C.
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water–acetic acid solution at 47 ◦C.
3.2. Analysis of IMPs
Figure 8 shows the FE-EP i 070 and U1070 for the analysis of Al–Fe IMP
distribution. More Al–Fe IMPs were observed, and it was continuously distr buted in the case of A1070
compared with U1070. This finding indicates that t e addition f Zr influences the distri of
Al–Fe IMPs. Although there were Al–Fe IMPs in U1070, the total ratio of Al–Fe IMPs would be similar
in both Al all ys, because the same amount of Fe was added in the casting process. Thus, it implies
that finer IMPs would be formed in the U1070; so a more nanoscale analysis was conducted.
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Figure 8. Analysis of Al-Fe IMP distribution using field emission electron probe microanalysis
(FE-EPMA) mapping: (a) A1070 and (b) U1070.
FE-TEM images of Al–Fe IMPs in A1070 as well as Al–Fe and Al–Zr IMPs in U1070 are shown in
Figure 9. In the case of A1070 (Figure 7a), Al-Fe IMPs were formed at the grain boundary, and their
diameter of was approxim tely 250 nm. Meanwhile, Al–Fe and Al–Zr IMPs were not obs ved at the
grain boundary, but ather existed inside the grain in e case of U1070. In ddition, the diameters
of IMPs (25 nm) for both in U1070 were much smaller than those in A1070. This indicates that the
growth of IMPs is depressed in U1070, which may be due to Zr alloying on the refinement of IMPs.
In previous studies [43–46], Zr alloying suppresses the recrystallization of aluminum, refines the grains,
and improves the mechanical properties. It indicates that Zr inhibits the growth and promotes the
nucleati n of other intermetallics during the ca ting process. Also, the size and number o Al-Fe IMPs
were evaluated at 300 µm2 in both specimens (Fig re 10), w ich clearly shows the different quantity
of Al-Fe IMPs due to the addition of Zr. Consequently, the addition of Zr can result in the refining
and dispersing of the detrimental IMPs, which would diminish the effect of the IMPs on the corrosion
of Al. As a summary of the IMP analysis, a smaller size and decreasing the number of IMPs (Al–Fe
and Al–Zr) were shown in U1070. The detailed analysis of the influence of refinement of IMPs on the
corrosion estimate of Al was necessary. Thus, the influence of the number and size of the IMPs on the
corrosion resistance was indirectly investigated by case studies of numerical corrosion simulation in
this study.
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3.3. Case Study of Numerical Corrosion Simulation
Figure 11 shows the current distrib for each simulation case listed in Table 4. In all of
the corrosion simulation cases, the current density was high near the Al matrix and IMPs interface,
and attenuation of the current density from the interface was observed. This finding indicates that
the Al matrix and IMPs act as an anode and cathode, respectively, due to the potential difference.
However, the range of current density differs depending on the size, distribution, and type of IMPs
that are present. For decreasing Al3Fe IMP size (Figure 11a,b), th maximum curr nt density decreased
despite simil r Al atrix an IMPs areas. This indicates that decreasing the IMP’s ize also decreases
the maximum current density that is caused by galvanic corrosion between the IMPs and the Al matrix.
It may also be related to the localized corrosion behavior of the Al alloy.
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and (d) small size of IMPs (small IMPs area)–Al3Fe.
In addition, decreasing the number of Al3Fe IMPs influenced the current density of the Al matrix,
as shown in Figure 11b,d. Although the same Al3Fe IMPs acted as a cathode in the simulation,
the maximum current density value was decreased, indicating that the galvanic effect between the
Al3Fe IMPs and the Al matrix was diminished. This occurrence may be due to the IMPs’ interparticle
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distance. For Al3Fe IMPs having a large IMP area (Figure 11b), the galvanic effect can be more
concentrated near the interface, as compared to a case with a decreasing number of Al3Fe IMPs
(Figure 11d). This occurs due to the increasing area ratio (cathode/anode), as well as a decrease in the
distance between the IMPs and the Al matrix. As a result, more current would be concentrated on the
interface area between the IMPs and Al matrix.
For the Al3Zr IMPs (Figure 11c), the maximum current density was approximately 10 times lower
than that of the Al3Fe IMPs. This result indicates that galvanic corrosion within the Al matrix is
insignificant compared to the Al3Fe IMPs. In other words, the formation of Al3Zr IMPs is not an
important factor in the galvanic corrosion of an Al alloy. Consequently, the sum of current from the Al
matrix was decreased according to the following situations: (1) the small size of IMPs; (2) decreasing
the number of IMPs; and (3) a lower difference in the corrosion potential between the Al matrix and
the IMPs.
The above was confirmed by measurement of the total current from the Al matrix in each
simulation case (Figure 12). Total current, which is related to the corrosion current density, decreased in
the cases of finely distributed small size IMPs. Also, the total current for the Al3Zr IMPs was decreased.
These findings regarding corrosion simulation imply that the corrosion current density decrease in
Section 3.1 is the result of decreasing the size and the number of IMPs. Also, it was revealed that the
Al3Zr IMPs do not affect the galvanic corrosion of the Al alloy. Thus, the addition of Zr to an Al alloy
is beneficial for improving corrosion resistance, as it reduces the size and number of the IMPs.
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4. Conclusions
The Zr effect on the corrosion behavior of an Al alloy (1xxx series) was investigated in this
study by the potentiodynamic polarization test and EIS. Additionally, FE-EPMA and FE-TEM were
conducted to determine the effect of IMPs on an Al matrix, followed by numerical corrosion simulation
to investigate the influence of IMPs as a function of distribution and size. In the corrosion tests,
the addition of Zr to an Al alloy (U1070) increased the corrosion resistance, indicating that Zr has
a beneficial effect on the corrosion resistance of the Al alloy. From the FE-EPMA and FE-TEM analyses,
the size of Al3Fe IMPs was found to be decreased, and a decreasing number of IMPs were observed
in U1070. A case study of numerical corrosion simulation revealed that decreasing the number and
size of IMPs is favorable for reducing the galvanic corrosion between the IMPs and the Al matrix.
Also, the effect of Al3Zr IMPs on the galvanic corrosion of the Al alloy is insignificant as a result of
Materials 2018, 11, 1982 13 of 15
the reduced difference in the corrosion potential between the IMPs and the Al matrix. In summary,
the addition of Zr to an Al alloy has a very positive effect in terms of the corrosion resistance, because
it decreased the galvanic corrosion effect between the IMPs and the Al matrix by eliciting a decreasing
number and size of IMPs.
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